Marine organic matter is one of Earth's largest actively cycling reservoirs of organic carbon and nitrogen 1, 2 . The processes controlling organic matter production and removal are important for carbon and nitrogen biogeochemical cycles, which regulate climate. However, the many possible cycling mechanisms have hindered our ability to quantify marine organic matter transformation, degradation and turnover rates 3, 4 . Here we analyse existing and new measurements of the carbon:nitrogen ratio and radiocarbon age of organic matter spanning sizes from large particulate organic matter to small dissolved organic molecules. We find that organic matter size is negatively correlated with radiocarbon age and carbon:nitrogen ratios in coastal, surface and deep waters of the Pacific Ocean. Our measurements suggest that organic matter is increasingly chemically degraded as it decreases in size, and that small particles and molecules persist in the ocean longer than their larger counterparts. Based on these correlations, we estimate the production rates of small, biologically recalcitrant dissolved organic matter molecules at 0.11-0.14 Gt of carbon and about 0.005 Gt of nitrogen per year in the deep ocean. Our results suggest that the preferential remineralization of large over small particles and molecules is a key process governing organic matter cycling and deep ocean carbon storage.
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Despite the central importance of dissolved and particulate organic matter (DOM < 0.1 µm, POM > 0.1 µm; Supplementary  Fig. 1 ) in ocean biogeochemical cycles, the interplay between numerous production and removal mechanisms 3, 4 complicates our ability to assess organic matter (OM) cycling in the ocean. Radiocarbon (as 14 C), a powerful tool for tracing the production and removal of DOM and POM 5 , has revealed that DOM persists for multiple ocean mixing cycles ( 14 C = −390 to −555 ; or 4,000 to 6,500 14 C yr) 6, 7 . Similarly, POM 14 C measurements have confirmed surface primary production as the main source of oceanic POM, and that sinking and suspended POM has relatively short oceanic residence times of days to decades 8 . However, although 14 C studies have revealed a diversity of OM sources and cycling mechanisms, a direct linkage between OM size and 14 C age remains largely unknown.
Previous work has shown that OM size correlates with chemical composition, bioavailability, and 14 C, an idea typically referred to as the 'size-reactivity continuum' hypothesis [9] [10] [11] . As a result, size is thought to be a key proxy for predicting the composition, reactivity and turnover of OM. Labile OM is generally N-rich (low C:N ratio), has high 14 C values, and is larger; whereas recalcitrant OM is more C-rich, has low 14 C values and is smaller. However, changes in OM C:N ratio, and 14 C age are not always synonymous with bioavailability, and quantitative linkages between OM size, composition and 14 C have not been tested. The microbial carbon pump (MCP) builds on the size-reactivity hypothesis. Here, bacterial decomposition transforms labile POM and DOM into recalcitrant DOM (RDOM) 2, 9 . Recent work also suggests that DOM comprises many molecular populations of differing biological reactivity-from highly labile (hours/days) to RDOM (>millennia) 1 . However, only a few estimates of RDOM production exist 1, 12, 13 , and the long timescales upon which the MCP operates (that is, slow rates of OM transformation, degradation and remineralization) has greatly limited our ability to estimate rates of MCP DOM production and cycling in the ocean.
Here we present new and published 14 C and C:N data, spanning the entire OM size continuum, from the north-central Pacific and a California coastal upwelling centre. We use OM size versus C:N ratio and 14 C relationships as a new tool for quantifying OM flux via the MCP-from large 'fresh' POM to small, degraded RDOM molecules.
We observe significant log-linear (ln x) relationships between OM size, chemical composition and 14 C values in the Pacific Ocean (Fig. 1a-f and Supplementary Tables 1-4 ). For all three environments (coastal, surface and deep waters), OM C:N ratios increase and 14 C values decrease from larger, N-and 14 C-enriched POM to smaller, N-and 14 C-depleted DOM. Although previous work has shown that OM size, 14 C and C:N ratio can be correlated 14, 15 , these results are the first to quantify such relationships in the ocean.
The negative size versus C:N correlations we observe ( Table 4) . These weaker correlations can probably be attributed to coastal seasonal dissolved organic carbon (DOC) versus dissolved organic nitrogen (DON) variability 15 , where at times surface DOM and POM can be dominated by C-rich polysaccharides 16 , but also a lack of high-quality DON data for the deep ocean (see Supplementary Information). Even though deep Pacific R 2 values are lower than in the surface, a steeper deep Pacific C:N slope may suggest a closer coupling between OM degradation and size in the deep ocean. Since bacterial OM production rates are often less than their combined respiration and growth, the observed change in C:N with size suggests bacterial OM alteration/degradation (as opposed to simple OM removal) occurs along the size continuum. Table 4 ).
All three 14 C versus size relationships ( Fig. 1d-f ) suggest net marine OM flux is from large POM to small DOM. OM compositional changes and ageing/removal occur on different timescales, or that they represent different degradation types (that is, 14 C predicts later stages of OM degradation, and OM C:N predicts more rapid labile OM degradation). Further evidence supporting these two processes is provided when comparing concomitant OM C:N and 14 C values from the coastal Pacific Ocean site 14 . Here, a comparison of concomitant OM C:N ratios and 14 C values, measured from the same sampling day, do not reveal 'instantaneous' OM 14 C and composition relationships (R 2 = 0.06). Instead, these relationships appear when averaging over large spatial and temporal scales at the ecosystem level (see Supplementary Information).
The degree to which bulk OM C:N or 14 C values adhere to the broader size-age-composition relationships allows for distinct OM sources and cycling mechanisms to be evaluated. For example, in the coastal and surface Pacific sites, high molecular weight (HMW) DOM (0.1 µm-1 kDa) have high 14 C values with respect to the trend line, and are similar to POM 14 C values. This implies that primary production is the penultimate source of surface and coastal HMW DOM -consistent with bulk elemental, isotopic and molecular-level data suggesting an autotrophic source of HMW DOM in the surface ocean 5, 16 . In contrast, deep Pacific Ocean HMW DOM 14 C values fall on the trend line ( Fig. 1f) , suggesting POM degradation is a major source of deep ocean HMW DOM. This is consistent with work suggesting that microbial activity can be a significant source of deep ocean DOM via: the widespread bacterial hydrolysis and metabolism of sinking, suspended and buoyant particles 17 -and to a lesser extent, chemoautotrophy 18, 19 and anaplerosis 20 . We note that our results generally do not show net OM flux in the opposite direction, from small DOM to large POM (for example, abiotic synthesis of microgels from small DOM molecules) 21 , which would result in low 14 C and high C:N with increasing OM size (see Supplementary Information). One exception is the smallest deep Pa- 31 , we assume 20% error in POM reservoir sizes.
† HMW DOC (0.1 µm-1 nm) reservoir sizes were determined from global DOC reservoir estimates (662 GtC) and assuming that HMW DOC is 25 ± 5% total DOC in the surface ocean (185 GtC 0-1,000 m) and 15 ± 5% of total DOC in the deep ocean (477 GtC > 1,000 m). ‡ The remaining DOC is assumed to be LMW DOC (<1 nm). § GtN reservoir size estimates were inferred using C:N ratios. ¶ Volume-normalized rates were determined from GtC yr −1 and GtN yr −1 estimates and assuming an average ocean depth of 3,690 m (http://ngdc.noaa.gov/mgg/global/etopo1_ocean_volumes.html), see Methods and Supplementary Information.
14 C age errors (1-σ ) were determined from the regression slope 95% confidence interval, all other reported errors were propagated.
zone (OMZ) regions, where the stoichiometry of exported DOM and POM can vary based on the predominant mode of bacterial metabolism (that is, denitrification versus anaerobic ammonium oxidation) 22 . Overall, our results suggest that bacterial degradation of suspended POM into DOM exerts a major control on POM and DOM C:N ratios and 14 C values. A growing body of research suggests the sum of all marine biodegradation processes shapes the physical size distribution of marine OM 9 . Thus, it is reasonable to assume that our observed 14 C (age) and C:N (composition) versus OM size relationships record the net effect of all marine biodegradation processes, principally by microbial degradation. We use these relationships to quantify preliminary net rates of OM transformation, and DOC and DON production rates, expected from the microbial carbon pump and our observations of monotonically decreasing 14 C values-assuming this degradation proceeds on average from large to small OM size classes ( 23 , and so on); the continuous remineralization of OM to CO 2 at each step down the size continuum; any OM that may increase in size or produce fragments that 'jump over' intermediate size classes; or more rapid surface production of HMW DOM (that is, semi-labile DOM) from POM. Better understanding uncertainties in marine OM abundance, stoichiometry and size-age distributions with respect to specific ocean regions will refine this approach, and represents a key area of future deep ocean carbon cycle research.
These rate determinations shed light on the overwhelming impact MCP processes may have in governing marine OM composition and cycling. Our RDOM production estimates By volume-normalizing these rates (see Methods), we place RDOM production in the context of net community metabolism estimates, in particular, apparent oxygen utilization (AOU) and net community production. Our rates (Table 1) These preliminary rates place important constraints on basinscale DOC cycling during deep water transport. For example, our deep ocean rate would predict ∼5.8 µmol C l −1 RDOM is produced during the ∼500 yr transit time between the South and North Pacific. We hypothesize RDOM may instead be continuously produced and removed along this flow path-consistent with recent work showing DOC 14 C values in the deep Pacific cannot be explained by simple ageing during northward transport of deep waters 28 . The export of pre-aged POM 14 and DOM 29 geochemical mixtures from coastal margins might also act to diminish the South-North Pacific DOC 14 C gradient. It is conceivable that continuous RDOM production via the size-agecomposition continuum may counteract a hypothesized input of pre-aged hydrothermal DOC in the South Pacific 28 . The balance of these two DOC sources may contribute to the appearance of 'homogeneous' DOC 14 C values in the deep Pacific. Our results suggest not only a unifying 'precursor-product' style relationship controlling the cycling ( 14 C age) and chemical composition (C:N ratio) of marine OM, but also that Pacific OM carbon-nitrogen content and 14 C age can be generally predicted from particle or molecule sizes. These observations are inconsistent with dilution as a main factor limiting the cycling of DOC in the ocean 30 , instead suggesting POM and DOM chemical composition exerts a primary control on its bioavailability, cycling and age at the ecosystem level (see Supplementary Information). Size-agecomposition relationships place new constraints on global C and N flux into the RDOM pool and its associated oceanic turnover time. Improving our knowledge of RDOM production rates in the context of global net community metabolism will shed light on the role of RDOM in governing Earth's climate on glacialinterglacial timescales.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of this paper.
LETTERS NATURE GEOSCIENCE DOI: 10.1038/NGEO2830 Methods
Organic matter sample collection and radiocarbon analysis. A summary of the marine organic matter size continuum is presented in Supplementary Fig. 1 . Methods of DOM and POM sample collection used in this study have been described previously 10, 14, 15, 32 , but are summarized briefly here. Ultrafiltered DOM and POM (UDOM, UPOM) samples were collected from the Natural Energy Laboratory of Hawaii Authority (NELHA) in 2005, and from the Granite Canyon Marine Pollution Studies Laboratory (GCMPSL) between 2007 and 2008 using custom-built ultrafiltration systems with GE Osmonics (2.5 kDa; GE 2540-F1072) and Amersham Biosciences (0.1 µm CFP-1-E-55 and 500 kDa UFP-500-E-55) membranes 10, 14, 15, 32 . At NELHA, sample water from surface and mesopelagic depths was first prefiltered through a 50 µm plankton net in order to remove larger marine particles, and fed to UPOM systems. In the case of UDOM, sample feed water was subsequently filtered through pre-cleaned (10% HCl) Whatman 0.2 µm Polycap TC 75 polyethersulfone cartridge filters. At the GCMPSL, large POM samples were collected using pre-combusted (450 • C/4 h) 0.7 µm quartz microfiber, grade A (QM-A) filters. These POM filters were used for both elemental analysis (GF/F) and 14 C measurements (QM-A). Large-volume (1,600 to 4,000 l) UPOM samples were isolated from prefiltered seawater (<100 µm) using high-shear conditions and a 0.1 µm hollow-fibre membrane 32 . Sample water was prefiltered using 100 µm mesh filter bags in an acid-cleaned polycarbonate housing (McMaster-Carr).
UPOM samples were reduced to ∼10 l, diafiltered in the field using 10 l of 18.2 M Milli-Q water, reduced to 1 l, and collected into acid-cleaned polycarbonate bottles and stored frozen until lyophilized for CHN and 14 C analysis. Total DOM samples were collected from QM-A filtrates at the GCMPSL and were immediately frozen in the field until analysis at UC Santa Cruz and UC Irvine.
The OM size fractions collected in this study are: GFF POM (500 µm-0.7 µm), UPOM (100 µm or 50 µm-0.1 µm), UPOM (50 µm-500 kDa), UDOM (0.1 µm-2.5 kDa), and total (<0.1 µm or <0.7 µm filtrates).
Natural abundance 14 C determinations were performed at either the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory (CAMS/LLNL) or at the UC Irvine Keck Carbon Cycle Accelerator Mass Spectrometry (KCCAMS) Laboratory following standard graphitization procedures 33 . Large and small POM size fractions and HMW DOM samples were converted to CO 2 gas by closed tube combustion. Total DOM samples were converted to CO 2 via ultraviolet oxidation and offline extraction at UC Irvine 34 . Results are reported as age-corrected 14 C ( ) for geochemical samples 35 . 14 C is defined as the per mil deviation of the 14 C/ 12 C ratio from that of 19th century wood. Oceanic materials with 14 C > −40 contains bomb-produced 14 C produced during the 1950s and early 1960s.
Treatment of outliers, organic matter size bins and regression analysis. Prior to applying linear regressions, a simple outlier analysis of OM sample populations was first performed using JMP v10. Outlier box plots (quantiles) were generated from each sample population, and only data points outside the 'whiskers' of outlier box plots were excluded from regression analyses. Upper and lower whisker limits were defined to be equal to: the third quartile +1.5 * (interquartile range) and the first quartile −1.5 * (interquartile range), respectively. For coastal, surface and deep Pacific C:N plots this data treatment resulted in the exclusion of n = 4 of 101, 93 of 1,915, and 28 of 313 data points, respectively. For coastal, surface and deep Pacific 14 C plots the data treatment resulted in the exclusion of n = 1 of 51, 3 of 38 and 0 of 97 data points, respectively. Results from quantile analysis of all sample populations used in this study are provided in Supplementary Table 3 .
Each OM size fraction was also prescribed a specific size bin (in metres). Since actual OM size distributions within each OM size fraction are unknown (hence no x-axis error bars in Fig. 1 ), we apply a set of reasonable assumptions pertaining to each size bin. For large POM (0.7-500 µm), small ultrafiltered POM (UPOM = 0.1-50 µm and 500 kDa-50 µm) and HMW DOM (1 nm-0.1 µm), the midpoint of pre/filter cutoffs were chosen as size-bin values. We believe this to be a realistic assumption given previous research suggesting that particle carbon biomass in the ocean is normally distributed for a given size bin 36, 37 . As Sheldon and co-workers (1972) (ref. 36) also suggest, there is no reason to believe that OM size classes below or above commonly sampled marine particles size classes should not be similar. One clear exception is that of the total DOM pool. Here we prescribe a total DOM size-bin value of 5 × 10 −10 m (or ∼500 Da). We believe this to be a reasonable assumption given previous research showing that ∼70-80% of DOC is smaller than the ∼1 nm MWCO of standard ultrafilter (1,000 Da) membranes. In addition, recent work employing Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) and gel permeation chromatography suggest oceanic total DOM nominal molecular masses (M n ) and mass to charge ratios (m/z) are ∼500 .
We also note that many previous studies employing UF use different membranes with slightly different characteristics and MWCO. For example, a combination of 2.5 kDa and 1 kDa membranes were used to increase flow rate and recovery of the final diafiltered UDOM sample 14 . Other studies using 2.5 kDa have commonly reported their size cutoffs to also be ∼1 nm to 0.1 µm (ref. 41) , whereas this should in fact be ∼2 nm to 0.1 µm. For the purposes of our regressions using a log (x) size scale, a change in ±1 nm on the low end of this size bin has virtually no effect on this OM size bin, or our regression analysis. Therefore, in this study we prescribe HMW DOM size-bin cutoffs of 1 nm to 0.1 µm for all historical and measured UDOM data. We also note that using LMW DOM in place of total DOM data had no appreciable effect on our regressions ( Supplementary Fig. 4 ). Least squares regression analysis was applied to OM fraction C:N and 14 C data using JMP v10, and a natural logarithm transformed fit (ln x). In all regressions the slope 95% confidence interval (determined from slope standard errors) excludes zero (Supplementary Table 4) . Thus, all linear regressions presented in this study are statistically significant.
Carbon and nitrogen reservoirs and flux calculations. Carbon and nitrogen OM reservoirs (Gt) and 14 C ages used for our flux estimates are provided in Table 1 . Nitrogen reservoirs (GtN) were determined by dividing particulate organic carbon (POC), HMW DOC and LMW DOC reservoirs (GtC) by their respective average C:N ratios (that is, from linear regressions in Fig. 1a-c (Table 1) .
Organic matter 14 C versus size linear regression slopes and intercepts (Supplementary Table 4) were then used to determine the average 14 C value of POM, HMW DOM and LMW DOM in each environment via equation (1) (Table 1) .
Using the definition of fraction modern (Fm), 14 C, and conventional radiocarbon ages, equation (1) can be rewritten to express radiocarbon age as a function of molecular size (equation (2)), following all assumptions associated with employing radiocarbon ages 35 and that the sample was a closed system through the time since its formation, as well as the assumption that the age correction used to report the original 14 C values is negligible (that is, 
Assuming that our regressions indicate a net, unidirectional OM flux from large OM to small OM, a simple net flux (Gt yr −1 ) estimate of OM down the size-reactivity continuum can be determined via equation (3) .
Rate ≈ m big − m small age big − age small (3) In this equation, the numerator represents the loss of mass (or concentration) of carbon moving from a big size fraction to the adjacent smaller size fraction, whereas the denominator is a measure of the length of time that passes during this transformation. This equation can be written in terms of the measured quantities by substituting equations (2) 
In the surface ocean, we estimate a net production of 0.045 ± 0. Table 4) . Volume-normalized rates (nmol C or N l −1 yr −1 ) presented in Table 1 were determined using equation (5) . Both d and e were gathered from the NOAA (http://ngdc.noaa.gov/mgg/global/ etopo1_ocean_volumes.html). Additional information on bomb 14 C corrections and volume-normalized RDOM production rates are provided in the Supplementary Information.
Bomb
14 C sensitivity analysis. Since many previously published 14 C values included in this study were collected during periods of high 14 C values (that is, 'bomb' 14 C), sensitivity analysis was also performed in order to evaluate if this has an appreciable effect on our estimated OM flux rates. A summary of a tested DIC and total DOC 14 C endmember values is shown in Supplementary  Fig. 3 . Extrapolating DIC 14 C and DOC 14 C profiles to pre-bomb surface 14 C values resulted in the following pre-bomb endmembers: DIC 14 C = −50 , as has been previously determined for the north-central Pacific ocean 42, 43 , and DOC 14 C = −350 . Changing these DIC and DOC 14 C endmembers by ±25
yielded only small changes in 14 C-age curves ( Supplementary Fig. 3 ), suggesting that an average bomb correction applied to bulk OM pools will yield essentially the same 14 C-age slopes as in our regressions within error. Therefore, we use only our model regression slopes (versus similar pre-bomb slopes) in determining OM flux rates.
Log-linear regression size (x) sensitivity analysis. We also tested the sensitivity of our log(x) regressions by adding random normal error to size (x) organic matter bins. Through this analysis we found that our regressions were robust, and generally not effected by variations in size (x) errors, until the size (x) noise began to shift organic matter fractions beyond their known pre/post filter size cuttoffs (at around 15%-30% relative error). Data availability. The authors declare that [the/all other] data supporting the findings of this study are available within the article and its Supplementary Information files.
